Abstract --Permanent magnet motors with ferrite magnets may be applicable to demanding electric vehicle (EV) applications, provided that designs with high power density and efficiency, and high resistance to demagnetization are developed. One rotor topology that allows meeting those challenges is a spoke type design, which can consist of two sections that are connected via a so-called fir tree structure, or a single section that may accommodate flux barriers with a certain topology. In this paper, a magneto-structurally optimized single piece rotor design for a high speed-high power density EV application is disclosed and compared against an existing fir tree based rotor solution. It is shown that an optimally designed single piece rotor design can meet about 80% of the power density of a fir tree rotor design at the cost of ~3 percent lower efficiency. Furthermore, the single piece rotor design may have better demagnetization resistance during severe faults. The theoretical findings have been supported by the static torque and demagnetization testing of a custom built prototype with the disclosed single piece rotor topology.
I. INTRODUCTION
ERMANENT magnet motors are amongst the best candidates for applications with high power density and efficiency requirements, such as electric vehicle (EV) traction [1] , [2] , [3] , [4] . This superiority is due to the high energy dense permanent magnets which reduce the required level of electric loading and the associated winding losses for a given power density [5] . Amongst permanent magnets, those made of rare earth elements, such as Neodymium Iron Boron (NdFeB), may contribute to designs with highest power densities (owing to high remanent flux density, B r ), and best demagnetization resistance (owing to the high intrinsic coercivity, H cj ). However, due to the high and volatile price of these magnets during the last decade, magnets with less or no rare earth elements, such as ferrite magnets, have gained some popularity [6] , [7] , [8] , [9] . The main design challenges with these alternative magnets is to achieve high level of power density, while mitigating the demagnetization risk under field weakening and short circuit conditions, [8] . To meet the high power density requirement, designs with high contribution of reluctance torque, as well Φ This work is funded by Innovate UK under Grant 110130. M. Kimiabeigi as flux concentration effect, such as Interior Permanent Magnet (IPM) with U-shape [10] , [11] , V shape [12] , LC shape [13] , and spoke magnet topologies [7] , [8] , [14] , [15] , and [16] can be employed; furthermore, few high torque density dual stator topologies and axial flux designs have been reported [17] , [18] . To meet the demagnetization resistance criterion several approaches can be followed, such as: a) burying the magnets deep in the rotor, while tapering the flux barriers toward the airgap [10] , or extending the rotor pole tips to bypass the demagnetization field [8] , b) reducing the number of turns and thickening the magnets in the direction of magnetization [7] , [8] , c) increasing the end winding leakage ratio by shortening the stack length and increasing the magnetic saturation, [19] , and d) applying analytical techniques to diagnose and prevent demagnetization during the motor operation [20] . In terms of the stator windings, both distributed configuration [7] , [8] , and a concentrated type [14] , [15] can be employed. Even though the latter may benefit from shorter and more isolated (non-overlapping) end windings, the former may achieve higher power densities owing to the significant contribution of the reluctance torque.
One major aspect of design for EV application is to ensure the structural integrity of the rotor under high speed operation and for the entire life time of the vehicle [21] . On this basis, the spoke type rotor can be composed of two parts, including the ferromagnetic poles (providing the magnetic flux path) and the non-magnetic support (providing mechanical support), which are connected via a fir-tree feature, [7] , [22] . Alternatively, the rotor may be consisted of a single ferromagnetic piece which provides the magnetic and mechanical support role, simultaneously, [14] . In this case, an appropriate flux barrier configuration in the rotor must be adopted to limit the flux leakage through the rotor yoke regions. Although, the fir-tree based design may provide higher power density owing to the non-magnetic support region (thereby lower leakage of permanent magnet flux), it may incur additional costs due to the extra components as well as provision of the tight tolerance required for the fir tree structure [8] .
Although few designs based on both aforementioned spoke rotor topologies have been tried, no comparison of the two designs has ever been reported. In this paper, a high speed and high power density spoke type design based on an innovative single piece rotor topology, and considering both the magnetic and structural requirements of a high performance low cost EV application is presented. The performance of this design is, for the first time, compared against a fir-tree based alternative solution targeting the same [8] and [21] . Based on these comparisons, the pros and cons of the two design solutions, in terms of the power density, efficiency, demagnetization and cost is discussed.
II. BACKGROUND AND MOTIVATION FOR STUDY
The current paper is related to the design of a ferrite based, low cost high performance electric motor for an allelectric vehicle project, the requirements of which are listed in Table I . In [8] , a spoke type design with a distributed winding is proposed and shown to marginally meet the requirements in Table I ; the major dimensions of this design are given in Table II . Despite the high performance of the design in [8] and [21] , the rotor is made of two parts including the magnetic rotor pole segments and the non-magnetic rotor support, which are coupled together via a so-called fir tree feature. Due to the extra rotor components, as well as the extra provisions that must be made to fulfill the tolerances of the fir-tree structure, the two-part rotor design might lose some of its performance per cost competitiveness. Therefore, in the present paper, a rather simpler rotor topology consisting of a single ferromagnetic piece has been investigated. In the following sections, the design and performance of the single piece rotor topology in terms of the electromagnetic and structural performance are addressed and evaluated against both the target requirements and the design with the fir-tree based rotor topology, and conclusions are drawn. 
III. DESIGN AND ANALYSIS A. Power Density and Structural Performance
Due to the same packaging requirements as the fir-tree based design and to highlight the differences on the rotor part design only, the single piece rotor design is based on the same stator and rotor dimensions as provided in Table II . To maximize the output torque of the motor, while maintaining the rotor stress below the limits chosen for the rotor strength, deformation and durability (based on M270-35A non-grain oriented electrical steel), a combined electromagnetic and structural optimization of the rotor was performed, as a result of which the rotor topology in Fig.1(a) was obtained.
With regards to the magneto-structural optimization, an initial linear-elastic, multi-objective optimization was performed, which targeted at achieving minimum rotor pole mass, at a specified maximum stress and radial deflection limit, as well as a set minimum thickness of the rotor bridges to respect the manufacturing feasibility, Fig. 2 . The rotor mass minimization followed the two generic zones, namely the two main cavities beside and underneath the magnets, while particular attention was paid to maximize the reluctance of the leakage path, and leaving the q-axis flux path undisturbed (to maximize the saliency), Fig. 1(b) . After some iteration with the more detailed nonlinear structural analyzer and the benchmark from the electromagnetic solver, the finer and innovative design features including the lateral branches were manually devised and proved to enhance the overall magneto-structural performance. The stress distribution in the rotor for the fir tree based design in [8] and the optimized single piece topology in Fig.1 , have been compared in Fig. 3 , where it is realized that for a same rotor pole material, the fir tree design may outperform the single piece design by about 19% lower peak stress. Furthermore, the magnetic field distribution in the single piece rotor design and the peak torque at base and top speed have been assessed in 2D FE, Figs. 4 and 5, based on which it is realized that due to a higher magnetic loading (lower magnet leakage) the fir tree design outperforms the single piece rotor by providing ~20% higher peak torque and power density at the base and top speed.
With regards to the magnet contribution to the BEMF under no-load conditions and the peak torque, it should be noted that due to the presence of the armature d-axis flux in the bridges and the intensified magnetic saturation, Figs. 4(a) and (b), the magnet leakage is lower under loaded conditions; thereby a larger contribution of the magnets to the peak torque compared to the BEMF, and a larger deviation between the BEMF and the peak torque must be envisaged. 
B. Demagnetization
The demagnetization of the ferrite magnets during field weakening or, more critically, under short circuit faults is one of the major risks of the ferrite based traction motors. The currents of the single piece design under a 3-phase short circuit fault (occurring after one full electrical period of regenerative peak torque operation) have been simulated in 2D FE and shown in Fig. 6 . From Fig. 6 , it is realized that the peak short circuit current is about 160% of the Ipk, which is about the same amplitude for the fir-tree based design in [8] .
The field strength, H, distribution in the rotor and under the worst instant during the 3-phase short circuit fault (i.e. when I b reaches its peak value in Fig. 6 ), has been simulated for both the single piece rotor and the fir tree design in 2D FE, and the results are shown in Fig. 7 . The red areas indicate the regions where the H field is greater than the intrinsic coercivity of the FB9B grade Ferrite magnet at 20 C, and therefore complete demagnetization may be expected. From Figs. 7 (a) and (b) , it can be realized that, even though due to the similar rotor topology near the airgap region, the demagnetization risk for the two designs is identical, for the inner parts of the rotor the location of the maximum field and thereby risk of demagnetization is different. In this regard, for the single piece rotor lamination the maximum demagnetization field occurs near the magnet bottom edge with highest flux concentration, whereas for the fir-tree based model the maximum field occurs further away from the magnet and in the pole shoe tips.
For a clearer comparison of the two designs and to assess the performance under more severe demagnetization conditions such as asymmetrical short circuits, [23] , a higher demagnetization current, equal to 400% of the Ipk, has been applied, and the H distribution has been simulated and shown in Figs. 8(a) and (b) . From Figs. 8(a) and (b), it can be realized that the demagnetization resistance of the single piece rotor model may, significantly, exceed that of the fir tree model, as the inner magnet regions are prone to lower demagnetization risk. This is mainly due to the ferromagnetic leakage flux path adjacent to the inner part of the magnets in the single piece rotor model in contrast to the air void leakage flux path in the fir tree based model; where as a result of the lower magnetic reluctance path in the single piece model, the demagnetization field is better bypassed and the magnets are less affected. 
C. Loss and Efficiency
To compare the efficiency of the single piece rotor model against that of the fir tree model, the winding and iron losses under whole range of torque-speed operating points have been calculated. The iron loss calculation has been based on the open circuit and short circuit modelling in FE 2D and using the computationally efficient technique disclosed in [24] and [25] . With regards to the winding DC loss, a copper winding with slot fill factor of 45% and at 120 C has been considered. The windings AC loss was, also, calculated in FE 2D and the maximum AC+DC to DC loss ratio (at 15000 rpm) was obtained equal to 1.4 for both rotor designs. Due to the similar AC loss factor for the two rotor designs and its relatively small value for the most of the operating speed range, only the DC part of the winding loss has been included in the efficiency map calculations, Fig. 9 .
Based on Fig. 9 , the peak efficiency of the fir tree model is about 3% higher than the single piece model. This efficiency superiority covers the majority of the torque-speed envelope, including the two key operating points at which the vehicle and the motor will most frequently operate (one corresponding to the urban driving, and one corresponding to the highway cruising). To explain the difference between the efficiency map of the two designs, the stator currents associated with the efficiency maps in Fig. 9 , have been calculated (based on maximum torque per ampere function and using an optimal advance angle at each operating point) and shown in Fig. 10. Comparing Fig. 10 to Fig. 9 , it can be realized that due to the lower magnetic loading in the single piece design (due to higher magnet leakage and lower magnet utilization), a higher current loading (resulting in higher winding loss) is required to achieve the same level of torque and power at each operating point. Furthermore, due to the lower BEMF levels in single piece model, lower field weakening and d-axis currents are required at higher speed range. As a result, the efficiency (comparing to the fir tree design) is slightly improved at the high speed corner of the torque-speed spectrum. Finally, with regards to the iron losses in the rotor, it is worth mentioning that the two rotor designs show only minor differences (up to maximum difference of 20%) at different operating points. However, the effect of manufacturing on the lamination B-H properties is expected to be more severe in case of the single piece rotor design (due to higher number of cavities and thinner bridges in the lamination), which requires a detailed prototype level investigation.
IV. PROTOTYPE TEST
To validate the theoretical findings, a prototype with one fifth of the original stack length and including only two coils belonging to one of the phases according to Fig. 11 , has been constructed. To allow for a one to one comparison to the fir tree design in [8] , a similar lamination material, as well as stator and winding lay-out has been used. With regards to magnets, the Ceramic 8 type in [8] was replaced by stronger FB9B grade, Table I , while the performance of the fir tree design was, also, re-calculated by replacing and employing the FB9B magnet type.
The BEMF test results for the two rotor designs have been compared together and to the FE 2D simulations, in Fig. 12. From Fig. 12 , it is realized that the magnetic loading of the single piece design is lower than that of the fir-tree based design, which confirms the difference between the efficiency maps of the two, based on the required current loading explanation given in Section III. C. The static torque of the two designs against zero to maximum current was measured using a rotary table and a torque transducer set up shown in Fig. 13 . Based on the test and FE 2D results in Fig. 14 , it is realized that for both designs the prototype torque is lower than FE 2D predictions, which can be attributed to the 3D effects as well as the deviation of the material data from the modelling assumptions. Furthermore, the test results confirm the FE predicted difference between the two designs in terms of the torque density, indicating a peak torque gap of less than 20%. Comparing the peak torque values of the two rotor designs against the BEMF, Figs. 14 and 12 , and confirming the explanation in Section III.A, it can, also, be noted that the performance gap between the two designs under the loaded conditions is smaller than that under the no-load, this being due to the higher magnetic saturation under the loaded conditions, resulting in lower magnet leakage and higher actual magnetic loading compared to the no-load conditions. Finally, it should be addressed that due to the additional daxis leakage inductance in the single piece design compared to the fir tree, the former possesses a lower saliency and reluctance torque contribution; this additional d-axis flux leakage in the single piece design, also, leads to an increased and similar voltage rating as the fir tree design (despite the lower BEMF in the former) which rules out the possibility of a further torque enhancement via a turn increase. The demagnetization resistance capability of the single piece rotor design has been tested (at 20 C room temperature) by injecting 160% and 400% of the peak rated current in the negative d-axis position, while the targeted magnets were chosen to be distant by at least one unaffected pole in between, [8] . Please note that with regards to the demagnetization evaluation at lower temperatures, down to -40 C, FE modelling has been performed but due to a similar impact on the two rotor types, the results have not been covered in this paper. The BEMF prior to and after the demagnetization test has been measured and compared in Fig. 15 , where no sign of demagnetization is observed. For a more detailed evaluation of the demagnetization performance of the single piece and the fir tree based rotor designs, the loss of BEMF (as a result of demagnetization) has been calculated by FE 3D (the demagnetized regions in the magnets were defined as air, [8] ), and the results are reported together with those from the prototype measurements in Fig.   16 . From Fig. 16 and confirming the findings in [19] , it is realized that due to 3D effects (for both rotor designs) the demagnetization performance of the 39 mm stack model is, significantly, superior to that of the nominal design with 195 mm stack length. Furthermore and confirming the predictions in Section III. B, it can be realized that, except for the local and rather negligible demagnetization risk at light faults, the demagnetization resistance of the single piece design may outperform that of the fir tree design option. 
V. DISCUSSIONS
Based on the analysis provided in the previous sections, the fir tree design may outperform the single piece design in terms of the power density and efficiency. However, the extra components in the fir tree alternative are likely to increase the manufacturing and material cost associated with this type of design, as a result of which, the single piece alternative might become more competitive in terms of the performance per unit cost. This paper has compared the performance of the two alternative topologies against the same and specific requirements for a high-speed, high-power traction motor.
Considering a different set of requirements, which are more suited to the single piece design, the performance gap between the two topologies is likely to reduce, which would, further, improve the performance per cost index of the single piece design. It is estimated that a motor requiring a lower top speed would favor the single piece design due to smaller centrifugal forces, as a result of which larger magnets, thereby, higher magnetic loading and torque densities may become achievable.
With respect to the fine single piece rotor design features, namely the thin lateral branches in Fig. 1(a) , it should be noted that whilst these features proved to enhance the single piece rotor design performance, they may add to the manufacturing complexity and costs. Furthermore, the influence of the material deterioration due to the machining process has to be accounted for. As a result, for a volume production these features might need to be, partially or fully, compromised, leading to additional loss of the electromagnetic performance.
Furthermore, with respect to magnets volume, it should be noted that whilst increasing the magnet volume might increase the magnetic loading and better electromagnetic performance, it is limited by the peak stress in the rotor pole via the centrifugal force proportionality, (1) , m corresponding to the magnet and rotor mass per pole, r the radius of the center of gravity, and the angular velocity of rotor. As a result, whilst for the given design constraints in this paper, namely the rotor top speed and radius, Tables I and II, the allocated magnet volume cannot be further increased (as the stress levels are, already, higher than the fir tree equivalent design and close to the steel maximum limit), it is envisaged that for designs with a lower top speed, a radially longer magnet and a higher magnetic loading might be achievable.
(1)
VI. CONCLUSION
In this paper, a high speed and high power density traction motor using ferrite magnets and following a single piece rotor topology has been disclosed, and was compared against an alternative design based on a fir tree rotor topology. Based on the analyses, the fir tree rotor outperforms the single piece option in terms of the power density and the efficiency due to a better utilization of the magnets, while, the latter demonstrates better demagnetization performance due to a higher leakage in the direct axis (d-axis) region. It should be noted that the addressed single piece design has been pushed to its ultimate magneto-structural limits to assess the maximal potential of such a design vs. a fir tree alternative; therefore, in practice, a larger performance gap between the two designs can be envisaged. Due to the fewer components involved with the single piece design, this option may match the fir tree version in terms of the cost per output power, when design for high volume is considered. Furthermore, reducing the top speed requirement may improve the single piece design competitiveness, as larger magnets and, therefore, higher torque densities may become achievable. Raymond Long has over 19 years of experience supporting engineering design and development projects across a variety of industries (Automotive, Building, Lifting & Excavating and Rotating Machinery). He has a broad skill base including engineering design and manufacture combined with CAD and CAE on a wide range of customer support and research projects. He uses a number of industry standard CAD and CAE tools to develop the performance of components and assemblies (Hyper Works, CATIA, ABAQUS, NASTRAN, LS-Dyna and PAM-Stamp). Most recently through collaborative development projects supporting the applications of electrical steels, he has been named as co-inventor on two pending patent applications.
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